One of the handicaps of the large-scale integration of solar energy is due to its variability and its intermittency. The main way to overcome this issue is the energy storage technology. Knowing the high cost of batteries and their impact on the environment, we simulate a storage system based on compressed air and acting as a battery system. The CAES consists in storing the air at a high pressure in a tank during the period when the energy source is abundant, i.e., cheap, or when the energy demand is low. The compressed air is later expanded through an air turbine which generates electricity during the high demand periods, i.e. when the energy source becomes very expensive for instance. This system could be used for decentralized electricity supply or in an area with no electric grid. In order to evaluate the feasibility of a Compressed Air Energy Storage system coupled to a photovoltaic plant and a building that represents a reduced power demand, a numerical model that reflects the instant behaviour has been built. The system is composed of a photovoltaic power plant, an air compression system, a storage vessel, an expansion module, a power grid and a building. The inputs used are, on the one hand, the climate data such as ambient temperature and the global solar irradiation and, on the other hand, the load curve of a building or of the group of buildings, which has to be supplied by electricity. The overall system optimization has then been performed after having done a sensitivity analysis of the key parameters. This optimization allows us to find the most suitable size for each component of the system: compressor, tank size and photovoltaic area.
2nd International Conference on Sustainable Materials Processing and Manufacturing (SMPM 2019) Sensitivity analysis and optimization of a compressed air energy storage (CAES) system powered by a photovoltaic plant to supply a building Sidiki Simpore * , François Garde, Mathieu David, Olivier Marc, Jean Castaing-Lasvignottes.
117, rue du Général Ailleret, 97430 Le Tampon, Ile de La Réunion, France

Abstract
One of the handicaps of the large-scale integration of solar energy is due to its variability and its intermittency. The main way to overcome this issue is the energy storage technology. Knowing the high cost of batteries and their impact on the environment, we simulate a storage system based on compressed air and acting as a battery system. The CAES consists in storing the air at a high pressure in a tank during the period when the energy source is abundant, i.e., cheap, or when the energy demand is low. The compressed air is later expanded through an air turbine which generates electricity during the high demand periods, i.e. when the energy source becomes very expensive for instance. This system could be used for decentralized electricity supply or in an area with no electric grid. In order to evaluate the feasibility of a Compressed Air Energy Storage system coupled to a photovoltaic plant and a building that represents a reduced power demand, a numerical model that reflects the instant behaviour has been built. The system is composed of a photovoltaic power plant, an air compression system, a storage vessel, an expansion module, a power grid and a building. The inputs used are, on the one hand, the climate data such as ambient temperature and the global solar irradiation and, on the other hand, the load curve of a building or of the group of buildings, which has to be supplied by electricity. The overall system optimization has then been performed after having done a sensitivity analysis of the key parameters. This optimization allows us to find the most suitable size for each component of the system: compressor, tank size and photovoltaic area. 
Nomenclature
Introduction
In general, the compressed air energy storage consists in storing the air at a high pressure in a tank during the period where the energy source is abundant, cheap or if the energy demand is low. This air is expanded later through an air turbine to provide electricity during a period of high demand or lack of energy source or if the electricity becomes very expensive. Formerly, the compressed air for power plants was firstly stored in an underground volume such as natural cavities previously used for the extraction of coal or salt [1] . In this study, air is stored in an artificial tank. Some studies about CAES modeling can be found in the literature [2] . All of these works are focused on a long time or seasonal storage system. In this paper, a dynamic simulation model is developed in order to study the feasibility of a CAES system applied to a photovoltaic plant coupled with a building working on a daily basis. In the case investigated, the electric loads reach approximately a dozen of kilowatts. This model reflects the instant operation of the whole system composed of several elements detailed hereafter. Many operating scenarios have been thought about by looking at the various constraints of the system. In the following lines, the dynamic model is firstly presented and a sensitivity analysis on the key parameters of the system is performed in order to find out the influence of each of them on the overall efficiency and on the ratio of the energy imported and exported.
System description and modelling
Description
The studied system is composed of a photovoltaic field, a building, an electric grid and a compressed air energy storage part formed by a compressor, a turbine and an air tank ( Fig. 1 ). The photovoltaic field should be able to supply both the building and the compression system to store air in the tank during the period of exceeding production. The grid is only used if the PV and the storage system cannot satisfy the electric building loads. The modeling of the whole system is based on the analytical formulation of each component behavior. The model detailed further is built using the main following hypothesis:
• The air is assumed to be ideal with a constant heat capacity;
• The maximum and minimum pressure in the tank are fixed for operational and safety reasons;
• Accumulation (mass and energy) only occurs in the tank. The Compressed Air Energy Storage (CAES) loop is described by six nodes corresponding to the points of the major transformation of the air in the system (Fig. 1 ). 
Where in m and out m are respectively the air mass flow entering the tank and leaving the tank, tk Q represents the heat exchanged from the storage tank to the surrounding. The instant power supplied by the PV plant, the instant power needed by the compressor, and the instant power produced by the turbine are calculated using respectively the following equations:
h3 and h7 are evaluated thanks to the definition of the isentropic efficiency applied to the compressor and the turbine. m stands for mechanical efficiencies, pv for PV panel efficiency, GTI for Global Tilted Irradiation and Apv for the PV panel area. 4 different scen ario are possible depending on simulation conditions:
• Scenario 1: The PV supplies the loads and the rest is injected into the grid;
• Scenario 2: The PV supplies both the loads and the compressor, and the rest is eventually exported;
• Scenario 3: The CAES supplies the building loads through the turbine;
• Scenario 4: The loads are completely or partially powered by the electric grid. The indicators defined to analyze the results are the overall efficiency ( st η ), the ratio of the energy imported from the electric grid ( imp  ) and the ratio of the exceed energy exported to the electric grid ( exp  ) and written:
Where Ecp, Etb, Ebd and Epv respectively represent the compressor energy consumption, the turbine energy production, the total building demand and the total photovoltaic production over the considered period of time (one year in our case). These performance indicators will be used to optimize the system.
Sensitivity study and optimization
Sensitivity
The proposed numerical model has been applied considering a minimum and maximum pressure of 5 and 100 bars, isentropic efficiencies for both the compressor and the turbine are 90 %, mechanical efficiencies for both of 98%. The values for the main components are set as:
• Area of the photovoltaic panels: 100 m 2 , corresponding to the 10 kWp installed;
• Compressed air tank volume: 5 m 3 ;
• Compressor volumetric flow: 10 m 3 .h -1 Weather data are measured in Saint-Pierre (a city of La Reunion, a French overseas island situated in the Indian Ocean close to Mauritius and Madagascar) and the electric loads reflect the real operation consumption of a building (Net Zero Building) installed in the same place.
After simulation, the system overall efficiency is about 53 %, the importation ratio 38 % and the ratio of the energy exported equal to 58.20 %. In this configuration, the autonomy of the system, which represents the part of time where the building is only supplied by the PV or the storage system, is about 56 %. Fig. 3 : Evolution of air pressure (a); method of powering of the building with three sources (b) Fig.3a shows the evolution of compressed air mass and pressure over a week, and the fig.3b represents the evolution the way the loads of the building are supplied during this period. These results show that this type of configuration can operate instantaneously using intermittent energy sources as photovoltaic. But, the main components choose for simulation are led to the best efficiency of the system. Thus, we represent the evolution of mains indicators on the fig. 4 to view the influence of the parameters for each and all the indicators. Setting the volume of the tank to 5 m 3 , and the PV power installed to 10 kWp, the evolutions of the main indicators are presented in the Fig.4 as a function of the compressor size. It appears that the storage efficiency remains almost constant in the range of investigated compressor size, while the importation ratio and the exportation ratio present both a minimum value ( Fig. 4) corresponding to a configuration where the autonomy of the building is maximum.
Optimal design of the system
To find the optimal size of the system, all the indicators have to be considered i.e. get the maximum storage efficiency, obtain the lowest importation ratio and also obtain the lowest part of the PV production that is sent to the grid (ratio of energy exported). Thus, a multi-objective optimization has been set up. It consists in building an objective function by combining the sub-functions (imported ratio, exported ratio and storage efficiency). According to Marler [3] several approaches for solving multi-objective optimization problems exist, we choose a linear combination method defined by:
To determine the corresponding values of the compressor volumetric flow, the air tank volume of the PV field size a simplex algorithm to solve the problem has been chosen and the results are represented in table 1. 
Conclusion
At the optimal operating point characterized by a compressor mass flow rate of 72.7 m 3 .h -1 , a storage volume of 65.12 m 3 and an installed PV capacity of 9.6 kWp, corresponds a minimum importation ratio of 16. 29 %, an exported ratio of 34.17% and a storage efficiency of 53.43%. For this optimal configuration, the self-consumption ratio and the self-production ratio of the system are respectively about 73.4 % and 61.8 %. With this design, the autonomy of the building increase of about 35 % and reaches 78.7 %. Nevertheless, the storage efficiency of the storage system remains a bit low when compared to values found in the literature and ranging between 40 and 65% [4, 5] . In conclusion, the model developed allows us to demonstrate the feasibility of a small power compressed air storage system working under instantaneous operation and powered by a photovoltaic field. The optimal design adopted allows having a system maximising the use of the PV production and minimizing the contribution of the grid.
